We present in this paper electron impact broadening for six Ar XV lines using our quantum mechanical formalism and the semiclassical perturbation one. Additionally, our calculations of the corresponding atomic structure data (energy levels and oscillator strengths) and collision strengths are given as well. The lines considered here are divided into two sets: a first set of four lines involving the ground level: 1s 2 2s
Introduction
The Stark broadening mechanism is important in stellar spectroscopy and in the analysis of astrophysical and laboratory plasmas. Its influence should be considered for the opacity calculations, the modelling of stellar interiors, the estimation of radiative transfer through the stellar plasmas and for the determination of chemical abundances of elements (Dimitrijević, 2003) . The need for spectral line broadening calculations is stimulated by the development of computers. Moreover, the development of instruments and space astronomy, such as the new X−ray space telescope Chandra, stimulated the calculations of line broadening of trace elements in the X−ray wavelength range. Barstow et al. (1998) have shown that analysis of white dwarf atmospheres, where Stark broadening is dominant compared to the thermal Doppler broadening, needs models taking into account heavy element opacity. Consequently, atomic and line broadening data for many elements are needed for stellar plasma research. The recent discovery of the far UV lines of Ar VII in the spectra of very hot central stars of planetary nebulae and white dwarfs (Werner et al., 2007) showed the astrophysical interest for atomic and line broadening data for this element in various ionization stages. Ar XV is one of these important ions. The only Ar XV line broadening calculations existing in the literature are the semiclassical ones (Dimitrijević et al., 2012) , where the authors claimed that there are no experimental or other theoretical results for a comparison.
The calculations performed in the present paper are based on the quantum mechanical approach and the semiclassical perturbation one. The quantum mechanical expression for electron impact broadening calculations for intermediate coupling was obtained in Elabidi et al. (2004) . We performed the first calculations for the 2s3s − 2s3p transitions in Be-like ions from nitrogen to neon (Elabidi et al., 2007 (Elabidi et al., , 2008a and for the 3s−3p transitions in Li-like ions from carbon to phosphor (Elabidi et al., 2008b (Elabidi et al., , 2009 ). This approach was also used in to check the dependence on the upper level ionization potential of electron impact widths, and in to provide some missing line broadening data for the C IV, N VI, O VI and F VII resonance lines. In our quantum approach, all the parameters required for the calculations of the line broadening such as radiative atomic data (energy levels, oscillator strengths...) or collisional data (collision strengths or cross sections, scattering matrices...) are evaluated during the calculation and not taken from other data sources. We used the sequence of the UCL atomic codes SUPERSTRUC-TURE/DW/JAJOM that have been used for many years to provide fine structure wavefunctions, energy levels, wavelengths, radiative probability rates and electron impact collision strengths. Recently they have been adapted to perform line broadening calculations (Elabidi et al., 2008a) . The semiclassical perturbation formalism is described in Sahal-Bréchot (1969a ,b, 1974 Fleurier et al. (1977) and updated by Sahal-Bréchot (1984, 1995) . The atomic structure data (energy levels and oscillator strengths) used by the semiclassical formalism for the evaluation of line broadening are taken from the code SUPER-STRUCTURE (Eissner et al., 1974) .
We will analyze here as well the reasons for discrepancies (up to factor 2) between results for electron broadening of isolated non hydrogenic ion lines obtained with semiclassical and quantum methods as as were used by Ralchenko et al. (2001 Ralchenko et al. ( , 2003 ; Alexiou and Lee (2006) . For example Ralchenko et al. (2001) obtained, using quantummechanical method, electron-impact widths of the 2s3s−2s3p singlet and triplet lines of the beryllium-like ions from B II to O V, and found that their results are generally smaller from most semiclassical widths. In Ralchenko et al. (2003) , the similar conclusion was obtained for electronimpact widths of the 3s−3p transitions in Li-like ions from B III to Ne VIII. It was also found that the difference between experimental and quantum results monotonically increases with the spectroscopic charge of an ion. Alexiou and Lee (2006) investigated the reasons for discrepancies of electron-impact widths of isolated ion lines, obtained with semiclassical non-perturbative and fully quantum closecoupling and convergent close-coupling calculations, and they concluded that the major reason is the neglect of penetration by the semiclassical calculations. They also obtained and analyzed data for Li-like 3s−3p from Be III to Ne VIII, Be-like 2s3s 3 S−2s3p 3 P from C III to Ne VII and Be-like 2s3s 1 S−2s3p 1 P from N IV to N VII. In order to contribute to the clarification of this problem, it is of interest to compare quantum and semiclassical results and for a more highly charged ion like Ar XV, which is one of objectives of the present work.
In the present paper, Stark widths for six Ar XV lines will be calculated using the two described formalisms and an extensive comparison between the two results will be performed, in order to contribute to the explanation of reasons for discrepancies found in some cases, for line widths for ions in lower ionization stages than Ar XV. It is also of interest to compare two methods for such a higher ionization stage. Besides the Stark broadening data, we will present the results of our calculations of the corresponding atomic structure data (energy levels and oscillator strengths) and collision strengths.
Outline of the quantum approach and computational procedure
We present here an outline of the quantum formalism of electron impact broadening. More details have been given elsewhere (Elabidi et al., 2004 (Elabidi et al., , 2008a . The calculations are made within the framework of the impact approximation, which means that the time interval between collisions is much longer than the duration of a collision. The expression of the Full Width at Half Maximum W obtained in Elabidi et al. (2008a) is :
where k B is the Boltzmann constant, N e is the electron density, T is the electron temperature and
where
. L and S represent the atomic orbital angular momentum and spin of the target, l is the electron orbital momentum, the superscript T denotes the quantum numbers of the total electron+ion system. S i (S f ) are the scattering matrix elements for the initial (final) levels, expressed in the intermediate coupling approximation, Re (S) and Im (S) are respectively the real and the imaginary parts of the Smatrix element, abc def represent 6-j symbols and we adopt the notation [x, y, ...] = (2x + 1)(2y + 1)... Both S i and S f are calculated for the same incident electron energy ε = mv 2 /2. The equation (1) takes into account fine structure effects and relativistic corrections resulting from the breakdown of the LS coupling approximation for the target.
The atomic structure and the collisional data are needed for line broadening evaluation. The atomic structure in intermediate coupling is performed through the SUPER-STRUCTURE code (SST) (Eissner et al., 1974) . The scattering problem in LS coupling is carried out by the DISTORTED WAVE (DW) code (Eissner, 1998) as in Elabidi et al. (2008a) . This weak coupling approximation for the collision part assumed in DW is adequate for highly charged ions colliding with electrons since the close collisions are of small importance. The JAJOM code (Saraph, 1978) is used for the scattering problem in intermediate coupling. R-matrices in intermediate coupling and real (Re S) and imaginary part (Im S) of the scattering matrix S have been calculated using the transformed version of JAJOM (Elabidi & Dubau, unpublished results) and the program RtoS (Dubau, unpublished results) respectively. The evaluation of Re S and Im S is done according to:
The relation S = (1 + iR)(1 − iR) −1 guarantees the unitarity of the S-matrix.
Results and discussion
We present in the following subsections some atomic data and line broadening data for Ar XV. Energy levels are compared to the available theoretical (Bhatia and Landi, 2008; Kramida et al., 2012) and experimental (Edlen, 1983 (Edlen, , 1985 Khardi et al., 1994; Lepson et al., 2003) results. Oscillator strengths and collision strengths for the Ar XV lines are compared to the available theoretical results (Bhatia and Landi, 2008 
Structure and electron scattering data
The configurations used in the atomic structure description are 1s 2 (2s 2 , 2s2p, 2p 2 , 2snl) where 3≤ n ≤ 5 and l =s,p,d. This set of configurations gives rise to 118 fine structure levels. In the code SST, the wave functions are determined by diagonalization of the non relativistic Hamiltonian using orbitals calculated in a scaled ThomasFermi-Dirac Amaldi (TFDA) potential. The scaling parameters for this potential (λ l ) have been obtained by a self-consistent energy minimization procedure, in our case on all term energies of the 21 configurations. Relativistic corrections (spin-orbit, mass, Darwin and one-body) are also introduced in SST.
We perform a comparison of our energy levels and oscillator strengths to those published by Bhatia and Landi (2008) and in the database NIST (Kramida et al., 2012) . This preliminary comparison is important since the accuracy of the atomic structure (especially the oscillator strengths) is a prerequisite for the accuracy of the line broadening results. We present in Table 1 , energy levels for the lowest 20 levels belonging to the configurations 1s 2 (2s 2 ,2s2p, 2p 2 ,2s3s, 2s3p, 2s3d). Our energies are compared to the experimental ones (Edlen, 1983 (Edlen, , 1985 Khardi et al., 1994; Lepson et al., 2003) , to the 27-configuration model of Bhatia and Landi (2008) and to the NIST (Kramida et al., 2012) values, and an excellent agreement (the difference is less than 1 %) has been found between the three results showing that our 21-configuration model provides acceptable atomic structure data. Oscillator strengths for some transitions from the first five levels to the lowest ten levels (belonging to the configurations 2s 2 , 2s2p and 2p
2 ) are presented in Table 2 and compared to the 27-configuration model of Bhatia and Landi (2008) . The relative difference between the two results is about 10 %. We can conclude from the preceding comparisons that our atomic structure study is sufficiently accurate to be adopted in the scattering problem and thus in the line broadening calculations. Collision strengths for the same transitions as for the oscillator strengths are presented in Table 2 . Comparison has been made with the 27-configuration results of Bhatia and Landi (2008) and an overall reasonable agreement has been found between the two results. In some cases, notable differences appear especially for the energy 180 Ry. We can note the case of the transition 1 − 5 (2s 2 1 S 0 − 2s2p 1 P o 0 ) which is an optical allowed transition, and it is shown in Elabidi et al. (2012) that for such transitions, whose energy difference ∆E is very small, collision strengths can not converge at low total angular momentum J T especially at high electron energies. In our line broadening calculations (Eq. 1), we use the imaginary and the real parts of the scattering matrices and these parameters are related to the corresponding collision strengths. Consequently, the accuracy of collision strengths presented in Table 2 is very important for the accuracy of our line broadening data.
Line broadening data
We present in Table 3 widths of the four lines: 2s
where 2 ≤ n ≤ 5 involving the ground level, and in Table 3 the two lines 2s2p 1 P o 1 −2s3s 1 S 0 and 2s2p 3 P o 0 −2s3s 3 S 1 involving excited levels. Calculations are based on the quantum mechanical (Q) and the semiclassical perturbation (SCP) formalisms. We note that for all these transitions, the SCP results are overestimated compared to the quantum ones, and the average relative difference is about 70 %. We note also that, except for the resonance line, the two results Q and SCP become close to each other with the increase of the principal quantum number n. Table 4 shows that for transitions that do not involve the ground level, the SCP results are no longer higher than the quantum ones. We found also that the disagreement between the two results is less for these transitions: the quantum results are about 33 % higher than the SCP ones.
To explain at least a part of the previous behaviour of line widths with the principal quantum number n, we present in Table 5 the contributions of strong collisions and those of the quadrupolar potential for all the considered transitions. We note that, in general (except for the resonance line), the contributions of strong collisions and those of the quadrupolar potential are important for transitions involving levels with low principal quantum number n. Inelastic collisions due to more distant collisions are quite negligible. We found also that when the contributions of strong and close collisions, and thus the contributions of the elastic collisions due to the quadrupolar potential is dominant, the disagreement between the SCP and the quantum results is important. For example, for transitions between excited levels (the two last ones in Table 5 ), the relative difference between the SCP and the quantum results are about 25 %. In these cases, the strong collisions and the quadrupolar potential have the lowest contributions (respectively 35 % and 56 %) compared to the four other transitions. This behaviour can be explained by the use of the hydrogenic model for the atomic structure in the SCP formalism to evaluate the quadrupolar potential. It is known that this approach overestimates the corresponding contributions to line widths.
Conclusion
We have calculated in this work, atomic structure data (energy levels and oscillator strengths), collision strengths and electron impact broadening for Ar XV. To check their accuracy, comparisons of our level energies with the experimental (Edlen, 1983 (Edlen, , 1985 Khardi et al., 1994; Lepson et al., 2003) and with the theoretical (Bhatia and Landi, 2008; Kramida et al., 2012) results have been performed and a relative difference of about 1 % has been found. Our oscillator strengths have been compared to those of Bhatia and Landi (2008) , and we found that the two results agree within 10 %. For collision strengths, an overall agreement has been found between our results and those of Bhatia and Landi (2008) . This shows firstly that we can trust our preliminary data and that they can be used with confidence in our line broadening calculations. For line broadening, several important results can be derived from our study. Firstly, we find that the disagreement between the semiclassical and the quantum results is important when the contributions of strong and close collisions, and thus the contributions of the elastic collisions due to the quadrupolar potential are dominant. In these cases, the semiclassical results are always higher than the quantum ones. Secondly, we remark that the contributions of such elastic collisions are important for transitions involving levels with low principal quantum numbers n (except for the resonance line). Another point is that for transitions that do not involve the ground level (for which the contributions of strong collisions are the smallest), the SCP results are no longer higher than the quantum ones. Finally, we can explain the overestimation of the semiclassical line widths compared to the quantum ones by the fact that the semiclassical formalism uses the hydrogenic approximation to evaluate the quadrupolar potential. Extensive works on the strong collision contributions to the line widths and their behaviour with the ionization stages along some isoelectronic sequences will be welcome to investigate their effects on lines broadening and to study their evaluation in the semiclassical formalism. Edlen (1983 Edlen ( , 1985 ; Khardi et al. (1994) ; Lepson et al. (2003) and taken from Bhatia and Landi (2008) . NIST: energies from the database NIST (Kramida et al., 2012) , Bhatia08: calculated energies with a 27-configuration model (Bhatia and Landi, 2008) . i labels the 20 levels. The NIST energies of the two levels 18 and 19 (designed by asterisks) are inverted compared to all the other results.
Level designation i
Conf 2.363E−01 2.356E−01 1.776E+00 1.660E+00 1.697E+00 3.127E+00 5 − 10 1.485E−01 1.490E−01 5.802E−01 5.506E−01 6.374E−01 1.036E+00 
